We report the discovery of the super-Earth K2-265 b detected with K2 photometry. The planet orbits a bright (V mag = 11.1) star of spectral type G8V with a period of 2.37 days. We obtained high-precision follow-up radial velocity measurements from HARPS, and the joint Bayesian analysis showed that K2-265 b has a radius of 1.71 ± 0.11 R ⊕ and a mass of 6.54 ± 0.84 M ⊕ , corresponding to a bulk density of 7.1 ± 1.8 g cm −3 . Composition analysis of the planet reveals an Earth-like, rocky interior, with a rock mass fraction of ∼ 80%. The short orbital period and small radius of the planet puts it below the lower limit of the photoevaporation gap, where the envelope of the planet could have eroded due to strong stellar irradiation, leaving behind an exposed core. Knowledge of the planet core composition allows us to infer the possible formation and evolution mechanism responsible for its current physical parameters.
Introduction
Exoplanetary discovery has widened our perspective and knowledge of planetary science in the past two decades. The space-based mission Kepler used transit photometry to detect and characterise exoplanets Koch et al. 2010) , with one of its key objectives being the determination of the frequency of terrestrial planets in the habitable zones of stars. From their sample of over 4000 transiting planet candidates, it was revealed that small planets (R P < 4.0R ⊕ ) are by far the most common in our Galaxy (Howard et al. 2012; Batalha et al. 2013; Dressing & Charbonneau 2013; Petigura et al. 2013) , a result that is also supported by radial-velocity surveys (e.g. Bonfils et al. 2013; Mayor et al. 2011) . While the Kepler sample provided an insight into the planet occurrence rate (e.g. Batalha 2014) , only a few dozen host stars were bright enough for follow-up characterisation. With the loss of two reaction wheels on the Kepler spacecraft, the K2 mission was adopted to extend the transiting exoplanet discoveries (Howell et al. 2014) . K2 has observed nineteen fields so far, and supplied precise photometry of approximately 20, 000 bright stars per campaign. This has yielded hundreds of transiting planet candidates (e.g. Vanderburg et al. 2016; Barros et al. 2016; Pope et al. 2016) , over 300 of which have been statistically validated (e.g. Montet et al. 2015; Barros et al. 2015; Crossfield et al. 2016 ).
Super-Earths are absent in our own Solar system. Therefore, they are of particular interest in the study of planet formation and evolution. To probe the formation histories of these small planets, it is necessary to derive the planetary masses and radii with precision better than a few percent in order to differentiate their internal compositions in the context of planet evolution models (e.g. Zeng & Sasselov 2013; Brugger et al. 2017) . Recent theories have proposed a distinct transition in the composition of small exoplanets (Weiss & Marcy 2014; Rogers 2015) . Planets with R P 1.6 R ⊕ typically have high densities and are predominantly rocky. On the other hand, planets with larger radii typically have lower densities and possess extended H/He envelopes. In fact, planets such as Kepler-10 b (R P = 1.42 ± 0.03 R ⊕ , ρ P = 8.8 ± 2.5 g cm −3 ; Batalha et al. 2011) , LHS1140 b (R P = 1.43 ± 0.10 R ⊕ , ρ P = 12.5 ± 3.4 g cm −3 ; Dittmann et al. 2017) , Kepler-20 b (R P = 1.87 ± 0.05 R ⊕ , ρ P = 8.2 ± 1.4 g cm −3 ; Buchhave et al. 2016) , and K2-38 b (R P = 1.55 ± 0.02 R ⊕ , ρ P = 17.5 ± 7.35 g cm −3 ; Sinukoff et al. 2016 ) all have densities A&A proofs: manuscript no. aanda higher than that of the Earth (ρ ⊕ = 5.5g cm −3 ) and compositions consistent with a rocky world, whereas low density planets such as GJ 1214 b (R P = 2.68 ± 0.13 R ⊕ , ρ P = 1.87 ± 0.40 g cm −3 ; Charbonneau et al. 2009 ), the Kepler-11 system (R P = 1.97-4.52 R ⊕ , ρ P = 0.5-3.1 g cm −3 ; Lissauer et al. 2011) , and HIP 116454 b (R P = 2.53 ± 0.18 R ⊕ , ρ P = 4.17 ± 1.08 g cm −3 ; Vanderburg et al. 2015) have solid cores, and substantial gaseous envelopes.
Recent efforts by the California-Kepler Survey (CKS) (Johnson et al. 2017; Fulton et al. 2017) have refined the physical characteristics of Kepler short-period planets (P < 100 days) and their host stars for an in-depth study of the planet size distribution. Their results show a significant lack of planets with sizes between 1.5 R ⊕ and 2.0 R ⊕ . The gap in the radius distribution can be explained by the 'photoevaporation' model (Owen & Wu 2013; Lopez & Fortney 2013) , where the gaseous envelopes of planets are stripped away as a result of exposure to high incident flux from their host stars. The CKS also highlighted the importance of obtaining precise measurements of planet masses and radii in order to perform statistically significant studies of the radius distribution.
In this paper, we report the detection of a 2.37-day transiting super-Earth, K2-265 b. K2 photometry and HARPS radial velocity measurements were used to constrain the radius and mass measurements of this planet with a precision of 6% and 13%, respectively. In Section 2, we describe the observations made from K2, data reduction, and spectroscopic follow up. Our analyses and results are presented in Section 3, and we conclude the paper with a summary and discussion in Section 4.
Observations

K2 Photometry
K2-265 was observed during K2 Campaign 3 in long cadence mode. The photometry was obtained between November 2014 and January 2015. The target was independently flagged as a candidate from two transit searches; the first made use of the POLAR pipeline (Barros et al. 2016) , and the second used the methods described in Armstrong et al. (2015a) and Armstrong et al. (2015b) , where human input was involved to identify high priority candidates. K2-265 was also independently identified as a planet-hosting candidate by other search algorithms (Vanderburg et al. 2016; Crossfield et al. 2016; Mayo et al. 2018) .
The K2 lightcurve generated from the POLAR pipeline (Barros et al. 2016 ) has less white noise than that of Armstrong et al. (2015a,b) , hence the former was used in the planetary system analysis. The POLAR pipeline is summarised as follows: The K2 pixel data was downloaded from the Mikulski Archive for Space Telescopes (MAST)
1 . The photometric data was extracted using the adapted CoRoT imagette pipeline Barros et al. (2014) which uses an optimal aperture for the photometric extraction. In this case, the optimal aperture was found to be close to circular and comprised of 44 pixels. The Modified Moment Method developed by Stone (1989) was used to determine the centroid positions for systematic corrections. Flux and position variations of the star on the CCD can lead to systematics in the data. These were corrected following the self-flat-fielding method similar to Vanderburg & Johnson (2014) . Figure 1 shows the final extracted lightcurve, and Table 1 gives the photometric properties of K2-265. 
Spectroscopic Follow Up
We obtained radial velocity (RV) measurements of K2-265 with the HARPS spectrograph (R ∼ 110, 000), mounted on the 3.6 m Telescope at ESO La Silla Observatory (Mayor et al. 2003) . A total of 153 observations were made between 2016 October 29 and 2017 November 22 as part of the ESO-K2 large programme
2 . An exposure time of 1800 s was used for each observation, giving a signal-to-noise ratio of about 50 per pixel at 5500 Å. The data were reduced using the HARPS pipeline (Baranne et al. 1996) . RV measurements were computed with the weighted cross-correlation function (CCF) method using a G2V template (Baranne et al. 1996; Pepe et al. 2002) , and the uncertainties in the RVs were estimated as described in Bouchy et al. (2001) . The line bisector (BIS), and the full width half maximum (FWHM) were measured using the methods of Boisse et al. (2011) and Santerne et al. (2015) . Ten observations that were obtained when the target was close to a bright Moon exhibit a significant anomaly in their FWHM, up to 500 m s −1 . We removed these data completely from the analyses described in the later sections. The remaining 143 RV measurements and their associated uncertainties are reported in Table. A.3. The time-series RVs and the phase-folded RVs of K2-265 are shown in Figures  3 and 4 respectively. Following the calibrations of Noyes et al. (1984) , we derived the activity index of log R HK = −4.90 ± 0.12. The activity index is used in Sect. 3.3 to derive the stellar rotational period.
Direct imaging observations
Shallow imaging observations were obtained with the NIRC2 instrument at Keck on 2015-08-04 in the narrow-band Br γ filter at 2.169 µm (programme N151N2, PI: Ciardi). Several images were acquired with a dithering pattern on-sky and they were simply realigned and median-combined. In the combined image, a candidate companion was clearly detected at close separation from the star. Figure A .1 shows the K-bank Keck AO image of K2-265 and the near-by companion, where the contrast of the objects is measured to be ∆mag = 8.12 in the K-band. The relative astrometry of the candidate was estimated using a simple Gaussian fitting on both the star and the candidate. The error on the measurement is conservatively estimated to ∼0.5 pixel, i.e. ∼5 mas. The relative Keck astrometry was derived following methods described in Vigan et al. (2016) , and the following parameters were obtained: ∆α = −910±5 mas, ∆δ = −363±5 mas, separation = 979 ± 5 mas, and position angle = 248.27 ± 0.29 deg.
The target was further observed with the SPHERE/VLT instrument in the IRDIFS mode (Vigan et al. 2010; Zurlo et al. 2014) . More details on these observations, together with the data reduction are presented in Ligi et al. (2018) . The relative astrometry of the candidate companion with respect to the star were derived from SPHERE/IRDIFS, and the results are shown in Table  A .1. The combined astrometry confirms that the companion is bound with the target star. The SPHERE/IFS data was used to derive a low-resolution NIR spectrum (Ligi et al. 2018 ) which we used to characterise the companion star and estimate its contamination in the K2 photometry (see section 3.2.
GAIA Astrometry
The Gaia Data Release 2 (DR2) has surveyed over one billion stars in the Galaxy (Gaia Collaboration et al. 2016 Lindegren et al. 2018 ) and provided precise measurements of the parallaxes and proper motions for the sources. K2-265 has a measured parallax of 7.18 ± 0.05 mas, corresponding to a distance of 139 ± 1 pc. The proper motion of K2-265 is µ RA = 30.20 ± 0.09 mas, µ DEC = −23.34 ± 0.06 mas. As part of the Gaia DR2, the stellar effective temperature of K2-265 was derived from the three photometric bands (Andrae et al. 2018) as T eff = 5390 +194 −53 K. The G-band extinction A g = 0.101 and the reddening E(BP − RP) = 0.065 estimated from the parallax and magnitudes were used to determine the stellar luminosity, which in turn provides an estimate of the stellar radius as R s = 0.914 Andrae et al. 2018) . The stellar parameters from the results of Gaia DR2 are consistent with the distance estimate, effective temperature and stellar radius which are derived in the joint Bayesian analysis in section 3.4. However, Gaia DR2 does not detect the companion star in the system and K2-265 is registered as a single object.
Analysis and Results
Spectral Analysis
The spectral analysis of the host star was performed by co-adding all the individual (Doppler corrected) spectra with IRAF 3 . We first derived the stellar parameters following the analysis of Sousa et al. (2008) 
ARES code
4 (Sousa et al. 2015) , and the chemical abundances were derived using the 2014 version of the code MOOG (Sneden 1973) which used the iron excitation and ionization balance. We obtained the following parameters: T eff = 5457 ± 29 K, log g = 4.42 ± 0.05 dex, [Fe/H] = 0.08 ± 0.02 dex, microturbulence ξ t = 0.81 ± 0.05 km s −1 . The errors provided here for the stellar parameters are precision errors which are intrinsic to the method (Sousa et al. 2011) .
The chemical abundances of the host star are found in Ta 
Characterisation of the Companion Star
To determine the physical parameters of the bound companion, we used the same approach as in Santerne et al. (2016) . We fit the magnitude difference between the target and companion star, as observed by SPHERE IRDIFS, with the BT-Settl stellar atmosphere models (Allard et al. 2012 ). The two stars are bound 4 The ARES code can be downloaded at http://www.astro.up.pt/ sousasag/ares/ companions (see sections 2.3), hence they have the same distance to Earth and age, and they are assumed to have the same iron abundance. We used an MCMC method to derive the companion mass, using the results of the spectral analysis of the target star as priors on the analysis. We used the Dartmouth stellar evolution tracks to convert the companion mass (at a given age and metallicity) into spectroscopic parameters. Our final derivation gives: T eff = 3428 ± 22 K, log g = 4.870 ± 0.017 [cgs], M starB = 0.40 ± 0.01 M , R starB = 0.391
−0.010 R , corresponding to a star of spectral type M2 (Cox 2000) . Using this result, we integrated the SED models in the Kepler band, and derived the contribution of flux contamination in the light curve of star A from star B to be 0.952 ± 0.024%. The derived contamination of the companion star was taken into account in the joint Bayesian analysis in section 3.4 to determine the system parameters of K2-265. The parameters of the companion star and their corresponding uncertainties are reported in Table 2 .
Stellar Rotation
Rotational modulation is observed in the detrended K2 lightcurve as shown in Fig. 1 . We derived the rotational period of K2-265 using multiple methods to determine the origin of the periodic variation.
We first calculated the stellar rotational period with the autocorrelation-function (ACF) method as described in McQuillan et al. (2013 McQuillan et al. ( , 2014 , and found the stellar rotational period as 15.14 ± 0.38 d, with a further peak observed at 30.48 ± 0.28 d.
The Lomb-Scargle periodogram (Lomb 1976; Scargle 1982 ) analysis was performed to determine the periodicity in the RV data. Fig. 5 shows the periodogram of the bisector analysis (BIS), the full width at half maximum (FWHM), the RV measurements, and the S index. A clear peak is measured in all four periodograms at 32.2 ± 0.6 d, which is larger than but marginally consistent with the ACF period of 30.48 d at a 2-σ level. The timescale of lightcurve variation measures the changing visibility of starspots. We attribute the discrepancy between the two rotation periods to latitude variation of the magnetically active regions.
An upper limit of the sky-projected stellar rotational velocity was derived from the FWHM of the HARPS spectra (v sin i < 1.9 ± 0.2 km s −1 ). Using the stellar radius in Table 2 , we estimate a rotation period P rot > 26.02 ± 3.08 d (assuming an aligned system, i = 90
• ), which agrees with the ∼ 30 d period derived from the photometry and the RV data.
Furthermore, the stellar rotation period was also derived following the method of Mamajek & Hillenbrand (2008) . In summary, we used the B − V colour from APASS 5 to find the convective turnover time τ c using calibrations from Noyes et al. (1984) . We then used the measured Mount Wilson index S MW = 0.195 ± 0.025 to derive log R HK = −4.90 ± 0.12, from which we determine the Rossby number R o = 1.94 using calibrations from Mamajek & Hillenbrand (2008) . Finally, using the relation P rot = R o × τ c , we calculated the stellar rotation period as 32±10 d.
Joint Bayesian Analysis With PASTIS
We employed a Bayesian approach to derive the physical parameters of the host star and the planet. We jointly analysed the K2 photometric light curve, the HARPS RV measurements and the spectral energy distribution (SED) observed by the APASS, 2-MASS, and WISE surveys (Munari et al. 2014; Cutri 2014 ; a full list of host star magnitudes can be found in Table 1 ) using the PASTIS software (Díaz et al. 2014; Santerne et al. 2015) . The light curve was modelled using the jktebop package (Southworth 2008) by taking an oversampling factor of 30 to account for the long integration time of the K2 data (Kipping 2010) . The RVs were modelled with Keplerian orbits. Following similar approaches to Barros et al. (2017) and Santerne et al. (2018) , a Gaussian process (GP) regression was used to model the activity signal of the star. The SED was modelled using the BT-Settl library of stellar atmosphere models (Allard et al. 2012 ).
The Markov Chain Monte Carlo (MCMC) method was used to derive the system parameters. The spectroscopic parameters of K2-265A were converted into physical stellar parameters using the Dartmouth evolution tracks (Dotter et al. 2008 ) at each step of the chain. The quadratic limb darkening coefficients were also computed using the stellar parameters and tables of Claret & Bloemen (2011) .
For the stellar parameters, we used normal distribution priors centred on the values derived in our spectral analysis. We chose a normal prior for the orbital ephemeris centred on values found by the detection pipeline. Furthermore, we adopted a sine distribution for the inclination of the planet. Uninformative priors were used for the other parameters. The priors of the fitted parameters used in the model can be found in Table A.4. Twenty MCMC chains of 3 × 10 5 iterations were run during the MCMC analysis, where the starting points were randomly drawn from the joint prior. The Kolmogorov-Smirnov test was used to test for convergence in each chain. We then removed the burn-in phase and merged the converged chains to derive the system parameters.
Stellar Age
From the joint analysis of the observational data, together with the Dartmouth stellar evolution tracks, the age of K2-265 was determined as τ iso = 9.7 ± 3.0 Gyr. The stellar rotation analysis in Section 3.3 found that K2-265 has a rotation period of ∼ 30 d. We adopted a rotational period of 32.2 ± 0.6 d, and followed the methods by Barnes (2010) to find that K2-265 has a gyrochronological age of τ gyro = 5.34 ± 0.19 Gyr. We further de- agrees with τ gyro within 1-σ uncertainty but is lower than the derived isochronal age. The low lithium abundance A(Li ii)< 0.45 of the host star obtained from spectral analysis (Section 3.1) suggests that the host is not young. Hence it is likely that the host is of at least an intermediate age.
Discussion & Conclusion
K2-265 b has a mass of 6.54 ± 0.84 M ⊕ and a radius of 1.71 ± 0.11 R ⊕ . This corresponds to a bulk density of 7.1 ± 1.8 g cm −3 , which is slightly higher than that of the Earth's density. We applied a number of theoretical models to investigate the planet's interior composition. Fortney et al. (2007) modelled the radii of planets with a range of different masses at various compositions, and derived an analytical function which allows an estimate of the rock mass fraction (rmf) of ice-rock-iron planets. We find a rmf of 0.84 for K2-265 b which is equivalent to a rock-to-iron ratio of 0.84/0.16, a rock fraction that is higher than the Earth. Seager et al. (2007) also used interior models of planets to study the mass-radius relation of solid planets. By assuming the planets are composed primarily of iron, silicates, water, and carbon compounds, Seager et al. (2007) showed that masses and radii of terrestrial planets follow a power law. Using the derived best-fit mass and radius of K2-265 b, the bulk composition of the planet was determined to be predominantly rocky with > 70% of silicate mantle by mass. Zeng et al. (2016) . From top to bottom, the black solid lines denotes a pure water, pure rock and pure iron composition. The grey dashed lines between the solid lines are mass-radius relations for water-rock and rock-iron composites. The red solid line is the lower limit of a planet radius as a result of collisional stripping (Marcus et al. 2010 ). K2-265 b has a composition consistent with a rocky terrestrial planet.
We performed a more detailed investigation of the composition of K2-265 b using the interior model of Brugger et al. (2017) . This model considers planets made out of three differentiated layers: core (metals), mantle (rocks), and a liquid water envelope. Figure 7 shows the possible compositions of K2-265 b inferred from the 1-σ uncertainties on the planet's mass and radius. By focusing on terrestrial compositions only (i.e. without any water), we show that the central mass and radius of the planet are best fitted with a rock mass fraction of 81%, consistently with other theoretical predictions. However, given the uncertainties on the fundamental parameters, the rmf remains poorly constrained, namely within the 44-100% range. If we assume that the stellar Fe/Si ratio (here 0.90 ± 0.41) can be used as a proxy for the bulk planetary value (Dorn et al. 2015; Brugger et al. 2017 ), this range is reduced to 60-83%. In the case of a water-rich K2-265 b, the model only allows us to derive an upper limit on the planet's water mass fraction (wmf). Indeed, given the high equilibrium temperature of the planet (∼ 1300 K assuming an Earth-like albedo), water would be in the gaseous and supercritical phases, which are less dense than the liquid phase. From the uncertainties on the mass, radius, and bulk Fe/Si ratio of K2-265 b, we infer that this planet cannot present a wmf larger than 31%.
The California-Kepler Survey (CKS) measured precise stellar parameters of Kepler host stars using spectroscopic followup (Johnson et al. 2017) , and refined the planetary radii to study the planet size distribution and planet occurrence rate . The survey has revealed a bimodal distribution of small planet sizes. Planets tend to have radii of either ≈ 1.3 R ⊕ or ≈ 2.4 R ⊕ , with a deficit of planets at ≈ 1.8 R ⊕ . The survey confirms the prediction by Owen & Wu (2013) , whereby a gap in the planetary radius distribution exists as a consequence of atmospheric erosion by the photoevaporation mechanism. Alternatively, the core-powered mass loss mechanism could also drive the evaporation of small planets (Ginzburg et al. 2016 (Ginzburg et al. , 2018 .
Water
Core . Due to its close proximity to the host star, the super-Earth K2-265 b is exposed to strong stellar irradiation. The planet's gas envelope could be evaporated as a result. This process was observed in a number of systems (e.g. Indeed, K2-265 b lies below the lower limit of the photoevaporation valley as shown in the 2D radius distribution plot in Figure 8 . This implies that the planet could have been stripped bare due to photoevaporation, revealing its naked core. This atmospheric stripping process is presumed to have occurred in the first ≈ 100 Myr since the birth of the planet when X-ray emission is saturated (Jackson et al. 2012) , after which the X-ray emission decays. We estimated the total X-ray luminosity of K2-265 over its lifetime, E tot x , using the X-ray-age relation of Jackson et al. (2012) . Using the results of section 3.5, we adopted a mean age of 6.32 Gyr for the host star. The X-ray-to-bolometric luminosity ratio in the saturated regime for a B − V = 0.743 star is log (L x /L bol ) = −3.71 ± 0.05 ± 0.47. The corresponding turnoff age is log τ sat = 8.03 ± 0.06 ± 0.31, where the decrease in X-ray emission follows a power law (α = 1.28 ± 0.17). Over the lifetime of the star, E tot x = 6.70 × 10 45 ergs (assuming efficiency factor η = 0.25) and K2-265 b is expected to have lost 2.7% of its mass under the constant-density assumption. K2-265 b has a predominantly rocky interior as shown in Figure 7 . This indicates that the planet was likely formed inside the ice-line, and could have either migrated to its current orbital separation well before ≈ 100 Myr or accreted its mass locally (Owen & Wu 2017) . Fig. 8 . Planet radius distribution as a function of orbital period. The grey circles denote the planet sample obtained from the CKS sample ). The blue dot-dashed line and the green dashed line indicate the peak of the bimodal distribution of the planet radius distribution, where planets tend to favour radii of ∼ 1.3 R ⊕ and ∼ 2.4 R ⊕ due to the photoevaporation mechanism. The red dotted line indicates the lower limit of the photoevaporation valley derived from Owen & Wu (2017) .
K2-265 b is among the denser super-Earths below the photoevaporation gap. In addition to photoevaporation, giant impact between super-Earths could drive mass loss in the planetary atmosphere. Super-Earths are thought to have formed via accretion in gas discs, followed by migration and eccentricity damping due to their interactions with the gas disc (e.g. Lee & Chiang 2015) , leading to densely packed planetary systems. As the gas disc disperses, secular perturbation between planets excites their eccentricity, triggering giant impacts between the bodies before the system becomes stable (Cossou et al. 2014) . Two planets of comparable sizes could collide at a velocity beyond the surface escape velocity (Agnor & Asphaug 2004; Marcus et al. 2009 ). The impact could lead to a reduction in the planet envelope-tocore-mass ratio, hence an increase in the mean density and alteration of the bulk composition of the planet (Liu et al. 2015; Inamdar & Schlichting 2016) .
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